As environmental DNA (eDNA) studies have grown in popularity for use in ecological applications, it has become clear that their results differ in significant ways from those of traditional, non-PCR-based surveys. In general, eDNA studies that rely on amplicon sequencing may detect hundreds of species present in a sampled environment, but the resulting species composition can be idiosyncratic, reflecting species' true biomass abundances poorly or not at all. Here, we use a set of simulations to develop a mechanistic understanding of the processes leading to the kinds of results common in mixed-template PCR-based (metabarcoding) studies. In particular, we focus on the effects of PCR cycle number and primer amplification efficiency on the results of diversity metrics in sequencing studies. We then show that proportional indices of amplicon reads capture trends in taxon biomass with high accuracy, particularly where amplification efficiency is high (median correlation up to 0.97). Our results explain much of the observed behavior of PCR-based studies, and lead to recommendations for best practices in the field.
To test the effect of eDNA processing on estimates of abundance and biodiversity, we simulated biological communi-85 ties and performed simulations of metabarcoding processes on each, as described below. 86 Biomass in the environment (process 1): We generate three different distributions of biomass proportions to test for an effect of these underlying community distributions on metabarcoding diversity estimates ( Figure 1 ). Let B i be the proportional biomass of species i, for i = 1, ..., N species such that ∑ N i B i = 1. First, we simulate a community in which all species have identical proportional biomass,
and refer to this as our "uniform" community. The two other communities are defined using a symmetric Dirichlet distribution to describe communities with variation in biomass among species,
constant, so we focus on three distributions of amplification efficiencies corresponding to biological 114 use-cases. For each case, we model the amplification efficiency for each species as a draw from a beta 115 distribution, 116 a i ∼ Beta(α, β )
or as a mixture of two Beta distributions, 117 a i ∼ π 1 Beta(α 1 , β 1 ) + (1 − π 1 )Beta(α 2 , β 2 )
Where π 1 is the weight for the first mixture component and so 0 < π 1 < 1. 118 We use a mixture of only two distributions, but future work could consider mixtures with larger where Y is a vector containing the observed amplicon counts for the 1000 species.
169
Analyses of Simulations 170 We used the simulation results for eDNA to understand the characteristics of eDNA data with respect to two 171 important areas of ecological research: estimating biodiversity and providing quantitative estimates of abundance.
172
For both diversity and abundance investigations, we compare estimates across our three simulated community 173 biomass distributions and the three amplification cases at standardized endpoint of 35 PCR cycles.
174
All of the above simulations and calculations were carried out in R ver 3.5.1 [49] We examined the effect of the numbers of PCR cycles under three primer efficiency scenarios (Cases A, B, and C 180 above) on over 100 communities of 1000 taxa each, with biomass distributed according to our moderately variable 181 scenario (γ = 5). We sampled each community at 5-cycle intervals from 5 to 50 PCR cycles. We estimated sequence 182 diversity using two of the most commonly used metrics of biodiversity, species richness and Shannon diversity.
183
Richness is simply the number of unique taxa identified in the eDNA results, whereas Shannon takes into account 184 both the number of unique taxa as well as their relative frequency.
185
We note that there is a very large literature examining the measurement and partitioning of diversity [52, 53, 54] , 186 and that many different indices have been used to capture the diversity of a community. We include only richness 187 and Shannon diversity here because they are commonly used and they aptly illustrate the issues that arise from using 188 metabarcoding data for studies of biodiversity.
189

Effect of Amplification Bias and Underlying Biomass on Sequence Diversity
190
To test for the effect of among-taxon amplification bias, we compared biodiversity estimates derived from the three 191 amplification efficiency cases described above and for the three biomass distributions (uniform, low variability, 192 high variability 
203
We expect each taxon to have a different amplification efficiency for a given set of PCR primers and therefore 204 expect a poor correlation between eDNA amplicon abundance and biomass abundance when analyzing a dataset of 205 many taxa in a single sample. However, we investigate whether a temporal series of samples can solve this problem; 206 if we assume that amplification efficiency is solely a product of primer-template interaction (and is thus independent 207 9/29 of community composition), amplification efficiency remains constant within a taxon across samples. We can then 208 express DNA abundance for each species at each time point as using several alternative metrics (described below) 209 and ask which metrics are likely to be useful for describing the biomass of individual species.
210
Importantly, this approach relies on the assumption that we need not know a taxon's efficiency in absolute terms; Information for calculations.
218
To test the quantitative relationship between biomass and various amplicon-abundance indices, we conducted 2. An index of read-count proportions, scaled 0 to 1 ("eDNA Index"; as used in [4] 
3. Amplicon frequency within a sample, Freq, calculated such that the average of non-zero taxa is 1 (method "frequency" in the vegan function "decostand" [51, 64] )
4. Normalized amplicon counts (sample sum-of-squares equal to one)
5. Rank order of amplicon abundance, excluding zeros 233 6. Hellinger distance, a scaled square-root transformation of read counts as defined in [62] and implemented in
234
[51] 235 7. log 2 (x) + 1 for values > 0, as implemented in vegan function "decostand", method "log" [51]
236
Having measured the performance of these indices by their correlations with simulated taxon biomass, we 237 then decomposed these results to measure the effect of amplicon abundance and amplification efficiency on index 238 performance. fraction detected mirrors the proportion of taxa amplified with a relative efficiency of greater than approximately 0.6 248 in the underlying distribution of amplification efficiencies (0.088). By contrast, a primer set that readily amplifies 249 most target taxa (here, Case A, with 63% of the taxa amplifying at efficiency 0.6 or better) predictably recovered the 250 greatest richness, with 973 out of 1000 taxa (median, N = 100) recovered after 20 cycles, and 650 after 40 cycles.
251
Shannon Index values showed similar trends ( Figure 3B ).
252
Diversity metrics change rapidly with increasing cycle numbers; for example, estimated richness might fall by results (e.g., [12] ), and underscore the broader finding that different primer sets reveal different suites of taxa from a 271 given environment.
272
Notably, primer sets performed similarly across quite different distributions of underlying biomass ( Figure 5 ).
273
We can apportion the variance in results attributable to differences in underlying biomass vs. primer-amplification 274 efficiency, keeping the distribution of shedding rates constant, to examine the effects of each. Primer set accounted 275 for more than 99% of the variation in richness, with biomass distribution accounting for far less than 1% (ANOVA;
276 R 2 = 0.996 and 0.0016, p < 10 −16 for each). Biomass had a greater influence on Shannon indices, although primer 277 12/29 set remained the dominant source of variance (ANOVA; R 2 = 0.865 and 0.118, p < 10 −16 for each). These results suggest that metabarcoding results are quite robust to different underlying distributions of biomass, which may or 279 may not be an advantage of the sampling technique, depending on the aims of a particular study.
280
The probability of detecting any taxon therefore depends upon its amplification efficiency for a given set of 281 primers, and to a much lesser extent, the underlying distribution of biomass or shedding rate ( Figure 6 ). For taxa at a 282 particular amplification efficiency, higher-variance community biomass distributions may lead to higher variance 283 in detectability among taxa. For example, within the median (i.e., fifth) decile bin of amplification efficiency, the 284 variance in likelihood of detection ranged over two orders of magnitude, from 10 −4 (uniform biomass) to 10 −3 285 (moderately variable biomass distribution) to 10 −2 (more-variable biomass distribution). In sum, communities with 286 greater variability in biomass of target taxa are likely to yield somewhat noisier eDNA datasets, but the qualitative 287 trends appear approximately constant across different biomass distributions. 
292
When we used the replicate sampling of species across all 25 timepoints, however, many of the indices of 293 eDNA-derived taxon abundance were highly correlated with true biomass (Figure 7) . In particular, the index of Relative Mean Biomass Figure 8 . Using the eDNA Index, the biomass-index correlation coefficient (ρ) by amplification efficiency for each amplified taxon. Those taxa with a relative amplification efficiency >= 0.6 have particularly strong correlations (median ρ = 0.96). As shown by shading, the eDNA Index behaves similarly for species with greater and lesser proportions of biomass in the community. Simulated biomass varied over two orders of magnitude across taxa; averaging across time-points narrows this range to a factor of two, and the relative mean biomass expressed here reflects that smaller range.
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